Abstract A study of the effect of changes in climate on aquifer storage and river recharge using a simple model of an idealized aquifer/river system shows the combined influence of aquifer properties and climate change scenario on the system response. The study shows that changes in the seasonal distribution of recharge may have a critical effect on low flows in rivers supported by baseflow. However, rivers supported by slowly responding aquifers may show a considerable delay in response to climate change allowing an opportunity for water resources planning over an extended period.
INTRODUCTION
Groundwater resources and their effect on river flows are of critical importance in many parts of the world, but their susceptibility to climate change hasbeen little studied. Climate change scenarios have been input to simple water balance models (Cohen, 1986; Bultot et al., 1988; Kovalevskii & Maksimova, 1989) or to dynamic hydrological models applied at specific locations to examine the impact on a present or planned water resource development (Nemec & Schaake, 1982; Ayers et al., 1990) . Thomsen (1990) has considered groundwater recharge in Denmark. Such analyses are valuable, but they may involve so many hydrological and meteorological variables that the fundamental behaviour of the system in response to a changing climate is masked. However, simple models of idealized systems can show generic responses to climate change, focussing attention on their key features. Oakes & Wilkinson (1972) , by using a simple idealized groundwater model of an outcrop aquifer, showed that the response of such a system to relatively complex groundwater abstraction regimes could be easily interpreted. Dimensionless groupings of the variables enabled the number of parameters to be reduced to a minimum. The approach that was used by Oakes & Wilkinson (1972) is used here to examine the implications of a number of climate change scenarios.
THE IDEALIZED AQUD7ER/RIVER SYSTEM
The analyses are based on a simplified outcrop aquifer catchment with a single river draining the aquifer as shown in Fig. 1 . The boundary conditions (Annex 1) are similar to those used by Oakes & Wilkinson (1972) . Climate change scenarios may be introduced by changing the recharge term r in the Darcy equation (Annex 1). à h In lowland Great Britain, precipitation is fairly uniformly distributed during the year, whereas évapotranspiration is much greater during the summer months. The net effect is that a large proportion of the winter rainfall, but only a very small proportion of the summer rainfall, recharges unconfined outcrop aquifers. Oakes & Wilkinson (1972) showed that, for many outcrop aquifers in the United Kingdom, the recharge could be represented by a cosine function with a periodicity of six months, peaking during the winter months. During the summer, infiltration is assumed to be zero (Fig. 2) , as is generally observed.
The response of the aquifer system may be represented by grouping the aquifer system parameters, transmissivity (7), a storage coefficient (5) 
CLIMATE CHANGE SCENARIOS
Following the report of the Inter-governmental Panel on Climate Change, the UK Department of the Environment established the Climate Change Impact Review Group (CCIRG) to develop scenarios specifically for the UK. In their report (CCIRG, 1991) , ranges of temperature and rainfall changes were proposed, but it was considered that the "most likely" scenario was an increase in summer and winter temperatures of 2.1 °C and 2.3-3.5°C respectively by the year 2050. There was an associated increase in winter rainfall of 8% with summer rainfall remaining unchanged. The CCIRG did not propose how evaporation would be changed from present day values under this new regime. However, Arnell (1992) , on the basis of the Penman formula, has suggested that annual average potential evaporation which would be consistent with the CCIRG scenarios will be increased by between 7 and 15% of present values.
On the basis of the "most likely" estimates of climate change for the United Kingdom, with an 8% increase in winter rainfall, the winter recharge to groundwater would be expected to increase. However, the higher summer temperatures would be likely to lead to a persistence of summer soil moisture deficits and therefore a shortening of the recharge period. Until more detailed regional climate predictions are available from global circulation models (GCMs) it is not possible to refine these recharge scenarios. It is, nevertheless, worth examining the sensitivity of aquifer systems to possible future recharge patterns. The increased winter recharge would lead to an increase in groundwater storage and river baseflows, while a reduction in the length of the recharge period would lead to the opposite effects when compared with present day conditions. The simple recharge function that was applied in the idealized aquifer model described above may readily be modified by increasing the winter recharge peaks and shortening the recharge season. A number of individual solutions have been run with the peak recharge increased by 15% and the recharge period reduced from the standard six months to five and four months. The recharge functions are shown in Fig. 2 . The idealized six month recharge period covers November to April. Typically in the United Kingdom, the soil moisture deficit built up over the summer months from June to August inclusive is progressively reduced during September and October, due to lower évapotranspiration and increasing autumn rainfall. Recharge commences once the soil moisture deficit is satisfied. Thus time zero in the figures notionally corresponds to November 1 throughout.
CHANGES IN STORAGE AND BASEFLOW: EQUILIBRIUM SOLUTIONS
The equilibrium seasonal groundwater storages and baseflows were obtained for each of the recharge functions by solving the groundwater flow equations using a simple finite difference method. Storage is defined here as the volume of water held in the aquifer above river level. The seasonal baseflow and storage for the standard "present day" six month duration recharge function for a range of Ta values are shown in Figs 3(a) and 3(b), while those for the five month recharge period are given in Figs 4(a) and 4(b). In these Figures, baseflow is:
and storage is:
As would be expected the distribution of baseflow and groundwater storage during the season is similar in Figs 3 6(a) that, if the recharge period were reduced by only two weeks, the increased winter rainfall would lead to an overall increase in recharge and hence to an overall increase in both ground-water storage and baseflow when compared with present day conditions. Even so the autumn baseflows and storages show a reduction of about 10% and 5% respectively. This occurs at a time when surface water flows are likely to be low and when water resources are most likely to be stressed. A more pronounced change in climate leading to further reduction in the recharge period exacerbates the conditions described above. If the recharge period were reduced to four months then the baseflow and the storage during the autumn period would be reduced by 65% and 55% during the autumn compared with example given above, that is L = 3000 m, leads to a Ta value of 0.0001 day"
1 . The percentage changes in annual baseflow for Ta = 0.0001 day" 1 are shown in Fig. 5(b) , with a similar but even more subdued pattern for aquifer storage shown in Fig. 6(b) .
The pattern of change in baseflow and storage for a slow response aquifer such as the Triassic sandstones is similar to that for a fast response system, but is much more subdued. Seasonal variation is lost to the extent that any increase in annual infiltration is likely to give an increase in baseflow and storage, even if there is a reduction in infiltration in some parts of the year.
CHANGES m GROUNDWATER STORAGE: TRANSIENT SOLUTIONS
The comparisons made in the previous section of different climate change recharge regimes are based on equilibrium solutions. To explore transient behaviour in the idealized aquifers, solutions were found by starting with groundwater levels for the present six monthly recharge but within one year stepping to a new climate change recharge condition. The average annual changes in groundwater storage for a range of Ta and possible recharge scenarios are given in Fig. 7 . Fast response aquifer systems such as the Chalk establish their new equilibrium within one to three years, whereas the slow response systems may take up to 15 to 20 years before even 75% of the change towards the new equilibrium is established. From the point of view of water resources planning this implies that a slow response aquifer system is more robust to future climate change and that there would be time to develop and adjust water resource planning to meet any adverse effects. On the other hand any benefits that may result would not be gained fully for tens of years.
A new recharge regime due to a change in climate is unlikely to occur as a step function as modelled and presented in Fig. 7 . It will be a slow transition from one recharge state to another. To represent this situation transient solutions of the idealized model were obtained by assuming that the change from the present to the future recharge scenarios occurred over a period of 30 years. Both the increase in recharge at peak to 115 % of the present rainfall and the reduction in the recharge periods were assumed to change from the present to the future scenario in a linear manner. Figure 8 shows the average annual change in storage compared with the present for a range of Ta and recharge 30 year scenarios. As may be expected, Fig. 8 shows that fast response aquifers, including the Chalk, (high Ta) keep pace with the change in recharge whereas the slow response aquifers such as the Triassic sandstone (low Ta) show considerable lags. For the change to a four month infiltration period over 30 years, the Triassic sandstone would not reach equilibrium for another 50 years. 
CONCLUDING REMARKS
The solutions presented here are for highly idealized aquifer/river systems and do not replace the need to undertake detailed simulations on models which represent the full complexity of an aquifer. It has been assumed, for example, that the ratio of transmissivity to storage is constant throughout the width of the aquifer, and that Darcy's Law is suitable for representing aquifer flow. The consequences of modifying these assumptions may be addressed in future work. The idealized approach does, however, indicate the type of response that may be expected from aquifers and it may be used in a general way to assess likely impacts on water resources or dry weather flows once the climate change scenarios from future GCMs are able to provide more precise predictions at a regional scale. The fact that aquifers have different response times to climate changes, related to aquifer properties, is not unexpected. However, in quantifying the changes concerned for an idealized aquifer, some of the water resources consequences are highlighted. Four points stand out: (a) the response of an aquifer is governed by the parameter Ta = TISÛ, with a more rapid response for high transmissivity, low storage, short aquifers; (b) any delay in the onset of recharge in autumn or early winter may have a marked effect on autumn low flows in rivers supported by baseflow from an aquifer with a rapid response such as Chalk; (c) for slowly responding aquifers, an increase in the volume of winter recharge may result in increased baseflow to rivers throughout the year, even when there is a reduction in the period of recharge. Conversely, for quickly responding aquifers there may be a reduction in baseflow to rivers if the period of recharge is reduced, even if the annual volume of recharge increases; and (d) slowly responding aquifers may show a considerable delay before a new storage equilibrium is reached following a change in climate, even when this change is gradual. This may provide an opportunity to pursue water resources planning options over an extended period.
